I. INTRODUCTION
The diversity of SiO 2 phase diagram is known for a long term; however, the elemental oxide counterparts as CO 2 and GeO 2 present much more limited crystalline phase variability. The relative small free energy difference between SiO 2 phases as a function of temperature and pressure provides the formation of several four-coordinated 3-dimensional network solid phases such as quartz, cristobalite, tridymite, keatite, and their respective high symmetry phases. paradigm in GeO 2 has changed to include the four coordination, as observed in SiO 2 , while the stable phase at ambient temperature and pressure is the six-coordinated rutile. These silica-like phases suggest the possibility of the appearance of other crystalline phases for fourth-main-group elemental oxides in parallel to the observed SiO 2 polymorphs.
A very interesting SiO 2 four-fold coordinated phase is the clathrate structure family compounds (Figure 1 ), which were originally proposed for hydrates systems. The cage structure in clathrates allows the trapping from simple molecules like CO 2 and CH 4 or mixture of them to complex ones. [9] [10] [11] [12] [13] [14] [15] A similar crystalline structure for SiO 2 clathrate called melanophlogite exist in nature as a rare mineral. [16] [17] [18] [19] [20] This mineral has cubic structure with space group Pm3n, which is the structural analog of type I crystalline hydrate. 17 It shows slightly distorted structure with a lower symmetry when the temperature is decreased. 18, 21 The existence of melanophlogite encourages the possibility to have similar clathrate structures of CO 2 and GeO 2 .
The knowledge of the stability diagram of energy as function of volume or pressure can be a tool to verify the thermodynamics and mechanical properties of materials. It can provide an important step to guide for possible routes of new materials synthesis. Nowadays, computational materials science methods can help to determine the thermodynamics of materials with high accuracy and propose new routes for their synthesis before the usually expensive and time-consuming trial and error experiments. 22 In this report, we provide a comparison between existing crystalline phases of CO 2 , SiO 2 and GeO 2 to proposed clathrate based structures. To construct the phase stability diagrams, we have chosen several stable polymorphs for CO 2 , SiO 2 and GeO 2 as reference for our proposed guest-free clathrate type I systems. Dry ice, known as CO 2 -I, is face centered cubic structure with Pa3 symmetry space group and stable at low temperature and pressure [23] [24] [25] has been chosen as reference of CO 2 phases. The α-quartz phase, which is observed in both SiO 2 and GeO 2 , can be a good reference at higher pressure. 26, 27 The β-cristobalite phase, which is found as a SiO 2 polymorph and also recently proposed for CO 2 systems, was also chosen as reference. [28] [29] [30] Slightly different phases should be used for GeO 2 case, where we have included rutile, which is six-coordinated phase as reference due to the stability at ambient condition. 31, 32 Here, we have studied the stability, mechanical and electronic properties of proposed guest-free clathrates of CO 2 , SiO 2 , and GeO 2 in comparison with their respective stable phases by first principles calculations.
II. METHODOLOGY
The total energy of the elemental oxide phases were determined by first principles calculation within the Density Functional Theory as implemented in the VASP package. 33 The generalized gradient approximation (GGA) 34, 35 and meta-GGA 36 were implemented for all the systems. In GGA, the exchange correlation energy is dependent on local gradient of the electron density, meanwhile the meta-GGA introduces kinetic energy density as an additional feature. 36 The GGA corrects the overestimation of bond strength in oxides, which gives smaller lattice constant values, but it was reported to fail in describing the stability of silica polymorphs. In GGA, cristobalite is more stable at 0 GPa and 0 K than quartz, which is in contrast with experimental observations. 37 To solve this problem for SiO 2 polymorphs, we have also used the meta-GGA, which likely represents more accurate in energy prediction. 36 The project augmented wave (PAW) pseudopotential was used to treat core and valence electrons with s2p2 valence configuration for C, Si and Ge, and s2p4 for O atoms. For all systems, all atoms were allowed to relax using conjugated gradient methods until the forces are smaller than 0.04 eV/Å, while the cell shape was kept fixed. Through this scheme, the accuracy of the energy values is at the order of 0.1 meV or less. The total energy for all systems was converged with respect to the Brillouin-zone sampling integration and energy cut-off of 550 eV was used. Bulk modulus was determined by fitting the energy curve as function of volume with respect to the Birch-Murnaghan equation of state.
We also combined first-principles calculation with classical molecular dynamics to explain the anomalies of material, which is found in SiO 2 guest-free clathrate. The parameterized potential, to fit first principles forces, energies and pressures, developed by Tangney and Scandolo, was chosen as SiO 2 force field. 38 This potential has shown to capture the correct phases for SiO 2 and reproduce most of the observed anomalies of the silica. 21, [38] [39] [40] [41] [42] The simulation started from 46 SiO 2 molecules clathrate framework with a time step ∼0.72 fs (30 a.u.) in NPT ensemble at range −10 to 10 GPa of pressure. The trajectory was performed up to 21.6 ps at selected temperature 0 and 300 K then the configuration was analyzed.
III. RESULTS AND DISCUSSIONS

A. Phase stability
The calculated equation of states for CO 2 polymorphs is shown in Fig. 2 . Dry ice has proved to be the most stable CO 2 polymorph at 0 GPa at least within the phases considered here, followed by β-cristobalite with I42d space group, α-quartz and the guest-free CO 2 clathrate. Our work indicates a good agreement with previous calculations for the relative stabilities between CO 2 polymorphs. Previously, αquartz-like structure was found to be stable phase at high pressure 26 but then the discovery of β-cristobalite-like structure with I42d space group shows even lower energy. 27 In fact, I42d β-cristobalite has become reference to determine the stability of CO 2 solid higher coordination number such as α-PbO 2 , CaCl 2 , stishovite and pyrite. [28] [29] [30] Similar to previous studies, we also found β-cristobalite as the most stable phase at high pressure, as it can be seen in Fig. 3 . Our proposed guest-free clathrate shows higher enthalpy compared with other CO 2 phases. In our calculations, we notice that for negative pressures below (∼−11 GPa) the guest-free clathrate transforms to molecular phase during the relaxation process and for pressures above (∼70 GPa), the system was found to be structurally and topologically amorphized. The CO 2 guestfree clathrate has energy difference with respect to the nearest phase α-quartz-type structure of 1.2 eV per CO 2 unit at 0 GPa. This difference increases with increasing pressure. This indicates that the possibility to synthetize the CO 2 guestfree clathrate is thermodynamically difficult. As expected, for the SiO 2 guest-free clathrate, we noticed its stability from the equation of states in Fig. 2 . The difference among different phases is in average around 0.02 eV per SiO 2 unit. The binding energy of natural SiO 2 guestfree clathrate, i.e., melanophlogite, is unknown. But from experiment, the cubic structure guest-free melanophlogite has 52.12 Å 3 /SiO 2 of volume, 19 slightly smaller than our guestfree clathrate (55.08 Å 3 /SiO 2 ). In SiO 2 case, all polymorphs have shown a similar minimal relaxed energy. Based on this fact, we can understand the extraordinary richness of SiO 2 low-pressure polymorphs. The α-quartz is most stable phase for SiO 2 at ambient condition, but from our calculation βcristobalite has the lowest energy. Our result is similar to the previous results, where GGA was also implemented in their calculation for several SiO 2 polymorphs. 37 In this particular case, it has proved to be a limitation of GGA in the total energy calculation. With the use of Meta-GGA based functional, our calculations show a stability phase sequence of SiO 2 polymorphs in agreement with experimental observations for the phases studied. In Fig. 4 , the energy of the βcristobalite (I42d and F d3m space group) at 0 GPa is higher than α-quartz, which shows good agreement with experimental results. The crystal structures of β-cristobalite had been under debate and three kinds of space groups, P2 1 3, I42d and the "ideal" F d3m have been proposed over many years. 43 It is now being clear that the β-cristobalite has a cubic F d3m structure in average, however, with the oxygen dynamically rotating along the Si-Si axis [42] [43] [44] . In this work, only two kinds of β-cristobalite, I42d and ideal F d3m, have been considered in order to demonstrate the consequence of the different symmetry upon the mechanical properties (as discussed in Sec. III B).
For GeO 2 , the most stable phase occurred, when the germanium atom surrounded by six oxygen atoms. Our calculation has shown rutile, which has trigonal symmetry as the phase with lowest energy at 0 GPa as shown in Fig. 2 . This is corresponding to the experimental results, where the most stable phase of GeO 2 at ambient condition is rutile. This phase has structure similar to stishovite in SiO 2 and transforms into α-quartz-like structure at high temperature and ambient pressure. The stability of high coordination number phase GeO 2 might be a consequence of the more metallic character of germanium compared with carbon and silicon 30 and geometry constraint of cation/anion radius ratio, for which germanium is at the size limit for 4-fold coordination. 45 Quartz phase becomes the second stable phase then followed by guest-free clathrate. In the variation of pressure, GeO 2 has similarities with SiO 2 where both change their coordination number from four to six at high pressure and may serve as archetypal materials of minerals, however the phase transition occurs at much lower pressure. 32 Although less stable than the other phases, the guest-free clathrate may still be possible to be synthesized.
The energy difference between guest-free clathrate with αquartz, which is the nearest phase, is only around 0.2 eV per GeO 2 unit. This condition may allow the synthesis of GeO 2 guest-free clathrate. In addition, it becomes the most stable phase at pressures lower than −2 GPa ( Fig. 3 ). Finally, it is interesting to note that the enthalpy of the rutile-type, quartztype and clathrate-type GeO 2 have a common crossing point, namely, the transition of rutile-type GeO 2 into clathrate-type GeO 2 would be at a thermodynamic condition (presumably with a suitable guest molecules) close to the formation condition of quartz-like structure.
B. Mechanical properties
Beside the thermodynamic stability, we also calculated the mechanical strength for CO 2 , SiO 2 and GeO 2 polymorphs. The detailed mechanical properties CO 2 , SiO 2 and GeO 2 polymorphs are summarized in Table I . Dry ice phase with its energy profile almost flat in variation of volume has the lowest mechanical strength shown by very-small bulk modulus value. This is already anticipated, as dry ice is a molecular solid that intermolecular interaction is very weak. [24] [25] [26] In non-molecular solid of CO 2 , α-quartz has higher bulk modulus than β-cristobalite, as reported by previous work. 27 Among all the tetrahedral phases that we have considered for SiO 2 , α-cristobalite and β-quartz presents the lowest and the highest bulk modulus, respectively. Our result has a good agreement with the previous work. 37 The bulk modulus of GeO 2 polymorph also has a good agreement with previous calculations. 31 In general, CO 2 at the analogous phase has higher bulk modulus than SiO 2 and GeO 2 . For example, CO 2 quartz phase has 182.2 GPa of bulk modulus, different by almost one order of magnitude than SiO 2 (32.7 GPa). The hardness of CO 2 solid is caused by the stronger chemical bond between carbon and oxygen, as reflected by the short C-O bond length and the rigidity of inter tetrahedral bridging angle C-O-C. 27 In case of the clathrates, the calculated C-O bond length is 1.40 Å is much shorter than the Si-O bond length (∼1.61 Å) and Ge-O bond length (∼1.77 Å). The C-O-C band 2 can be the answer of the limitation of CO 2 3-dimensional network solid phases. It has been shown previously that the angle profile of CO 2 β-cristobalite is very steep like "bulls eye" pattern, meanwhile for SiO 2 's pattern is "thumb print". 3 The electronic properties of CO 2 and SiO 2 also support the small C-O-C angle values. As discussed in Sec. III C, the value of electronic charge around carbon atom is lower than the corresponding silicon atom thus makes the C-O bond more covalent than Si-O bond. For SiO 2 clathrate phase, we found bulk modulus of SiO 2 guest-free clathrate (70.1 GPa) is higher than that of quartz and the experimental data, which is rather surprising. Based on the x-ray diffraction analysis, the bulk modulus of guestfree melanophlogite is 23-26.3 GPa, 19, 20 which are much lower than our calculation and is almost 1/3 of our calculated value. We assume that different bulk modulus values might be due to the temperature effect in experiment (300 K) compared with our first principles calculation (0 K). Thus, we calculated the SiO 2 guest-free clathrate by classical molecular dynamics at 0 and 300 K, respectively. The bulk modulus decreases with increasing temperature. For 300 K, the bulk modulus is found to be 30.8 GPa, in close agreement with the experimental values. Interestingly, if we perform an "exhausted" long relaxation, a second minimum (State II in Fig. 5 ) was presented as shown in Fig. 5 . The second minimum was not detected by first principles calculation, because in this calculation the symmetry of structure was kept fixed. In the classical molecular dynamics (steepest descent), this constraint was not applied. Thus, the configuration in the second minimum was expected to have a different symmetry with respect to the first minimum (State I in Fig. 5 ). Our analysis showed a low symmetry p1 (State II in Fig. 5 ) in the last configuration and the bulk modulus was rather close to the experiment 35.6 GPa. We suggest the decrease and wider distribution of Si-O-Si angle (as shown in Figs. 5(b) and 5(d)) is responsible for this bulk modulus deviation. We found that the average Si-O-Si angle decreases significantly with the increasing of temperature, from 164.5 • at 0 K to 151.0 • at 300 K, respectively. As shown in Fig. 5(c) , the Si-O-Si angle has been re-distributed and widened. The softening of material along temperature increase is common for most minerals, the intermolecular rotation much easier at higher temperature. The same fact was also found in longer relaxation simulation, intermolecular Si-O-Si angle drop to 149.1 • from 164.5 • . The loss of symmetry might also be a sign of the instability of the high symmetry SiO 2 guest-free clathrate structure, which is in good agreement with the experimental findings, where a slightly distorted structure with a lower symmetry was formed with decreasing temperature. 17, 20 It is noteworthy to remark that the high-symmetry phase may be stable at high temperature with a dynamically disordered structure (extremely anharmonic), [42] [43] [44] however, the structure in average can be of very high symmetry. This is indeed the case, for β-quartz and the β-cristobalite of SiO 2 with an F d3m symmetry, where an exotic bulk modulus was obtained at 0K (Table I) . We strengthen that the latter is not a weak point of ab intio calculations such as pseudopotentials, correlation functional etc., instead it can be readily understood by the constraint as imposed by the high symmetry as shown here for SO 2 clathrate. To this end, cautions must be taken when a high-temperature phase was investigated at 0 K. Finally, it is perhaps very appropriate to mention it here that the phase V of CO 2 is a truly ordered tetragonal structure with space group of I42d, which, in this aspect, differs from the β-cristobalite of SiO 2 . 4-6
C. Electronic structure
To better understand the differences of the elemental oxide polymorph within the same structure, we have also investigated the electronic properties of the clathrate systems under this perspective. The charges were determined by using Bader analysis. 46 Additionally, the electron localization function (ELF) was used to probe the bonding nature between atoms. [46] [47] [48] [49] Qualitatively, the ELF can be used as tool for locating nonbonding electron pairs and the bonding electrons. 33, 36 This function is defined between 0 and 1, where a value close to 1 means strong localization characteristics of covalent bonds or lone electron pairs. Values close to 0.5 reflect an electron-gas type.
The carbon atom in the CO 2 clathrate structure has Bader charge values around 1.94 and 7.03 (−1.03 net charge) for oxygen atom, which indicates a covalent bonding type. The obtained electron localization function is shown in Fig. 6 . The "free electron gas" (with isosurface values close to 0.5, here, 0.506) can be seen only surrounding oxygen atom ( Fig. 6(a) ). This indicates a dominant polarization of oxygen in the oxide. The strongly localized electrons with isosurface values close to 1 (here, 0.894) are observed in the outer shell of oxygen atom with a "banana" shape, namely, they are the nonbonding lone electron pairs ( Fig. 6(b) ).
The electronic structure of SiO 2 clathrate is slightly different from the CO 2 clathrate. The Bader analysis showed bonding in this molecule more ionic than CO 2 clathrate. The Bader silicon charge was calculated around 0.81 meanwhile oxygen atom charge is around 7.59 (−1.59 net charge), which suggests a partially electron transfer from silicon atom to oxygen ones, indicating an ionic-like character. The free electron gas is surrounding oxygen atom as shown in Fig. 5(c) , while strongly localized electrons are observed in the outer shell of oxygen atom and at the oxygen-silicon atom boundary as shown in Fig. 6(d) . The shape of free electron gas of SiO 2 clathrate is the same as the one found for CO 2 clathrate, as well as their non-bonding electrons presenting a similar banana shape. The difference is for the strongly localized electrons, which is located at the oxygen-silicon atom boundary and being of bonding state.
The GeO 2 clathrate shows Bader charges closer to the CO 2 than SiO 2 clathrate. The charge of germanium was found to be 1.72, while the oxygen is around 7.14 (−1.14 net charge). The bonding type of this system is also similar to the one observed for CO 2 clathrate (Figs. 6(e) and 6(f)). The ELF configuration for GeO 2 clathrate is also similar to CO 2 isostructure. It is interesting to note that the ionicity as calculated from Bader analysis increases from CO 2 to SiO 2 and then decreases to GeO 2 . On the other hand, the SiO 2 clathrate is the only substance that presents strongly localized electrons at the oxygen-silicon atom boundary ( Figure 6 ). This unique electron structural property might stem from the different energies of the C, Si and Ge orbitals and serve as the reason why SiO 2 adopts a diverse phase diagram. The total and projected electronic density of state of elemental oxide clathrates are shown in Fig. 7 . The GeO 2 clathrate shows the smallest gap value (2.75 eV) compared with the band gap of CO 2 clathrate (5.10 eV) and SiO 2 clathrate (5.58 eV). The band gap of SiO 2 clathrate is around 5.58 eV. This is similar to that of quartz, around 5-6 eV, as reported in the previous first-principles studies by using local density approximation (LDA). 50 The band gap of CO 2 clathrate is around 5.1 eV, which is close to that of quartz-type structure of CO 2 phase, around 5 eV, but smaller than that of the β-cristobalite-like CO 2 , around 7 eV. This band gap difference implies that a different band gap as large as 2 eV could be just induced by a slightly different local structure, not necessarily to be linked with vast coordination number changes. From this regard, it is not surprising that the band gap of GeO 2 is around 2.75 eV, whereas the reported GGA band gap of quartz-type GeO 2 is around 5.0 eV. 31 Finally, it is also interesting to note that the GGA band gap of rutile-type GeO 2 is around 2.4 eV. 31 It has been suggested that because of the isostructural correlation between CO 2 , GeO 2 and SiO 2 quartz phases, their electronic structure would be similar. 28, 31, 50 In order to extend this discussion for the bonding nature in clathrates isostructural phase, let us first, analyze the details of the SiO 2 clathrate electronic structure to guide us in the comparison with the GeO 2 and CO 2 cases. Analysis of the SiO 2 clathrate total and projected density of states (DOS) shows four distinct regions. In region 1 (between −20 and −17 eV), the lower-lying states around −19.5 eV originates from the Si 2s and O 2s orbitals, while the peak around 18.0 eV the states are composed by 2p orbitals of Si and O p states. For region 2 (between −10 and −5 eV), we can distinguish two main components one below −7 eV that is composed mainly by hybridization of Si 2s and O 2p orbitals, and another above −7 eV, that is originated by the Si 2p and O 2p states. In the valence region (region 3) near the Fermi level, the localized states are basically composed by p states from Si and O. The HOMO was identified to be localized on the 48l and 8e O sites, while the LUMO has mainly an s character orbitals and observed for all O sites (48l, 24k, 12f and 8e).
Compared with other SiO 2 polymorphs and the pressure effect on electronic properties, our calculations suggest a similar trend for the clathrate as observed for SiO 2 quartz. The differences are mainly due to the Si-O-Si angles between the structures, which lead to a separation on the two upper valence bond for the clathrate case, in opposite to quartz at 0 GPa. It is interesting to note that the clathrate behavior is in an opposite direction of the positive pressure effects on quartz phase, where there is a merge in those valence bands. This is consistent with the clathrate open structure. In this way, the clathrate structure could be seen as a negative pressure effect on the electronic structure on four-coordinated SiO 2 phases.
The GeO 2 clathrate projected DOS has similar features compared with the SiO 2 case. In general, the 4 different regions in GeO 2 are narrower than the ones observed in SiO 2 . The HOMO in this case, it is localized mainly in the O 24 k sites, while LUMO has been identified in the same crystallographic oxygen sites as the SiO 2 one, but with a s-p character. In addition, every Ge presents LUMO states with s-p character.
Additionally, CO 2 clathrate has the 4 regions broader than the SiO 2 case. Analysis of the CO 2 clathrate total and projected DOS shows four distinct regions. The lower-lying states below −22 eV originates from the C 2s and O 2s orbitals, while between −22 and 20 eV the states are composed by 2p orbitals of C and O. States in the region between −17 and −10 eV, are composed mainly by hybridization of C and O p orbitals around −11eV and C 2s and O 2p orbitals below −15 eV. The states in the valence band region between −7 and 0 eV near the Fermi level are spread. For CO 2 clathrate, the HOMO states were identified to be related to the O 48l and 24k sites. On the other hand, the states in the conduction band region between 4 and 7 eV has mainly C 2s and 2p contribution. Interestingly, the LUMO states has been identified by the C 6c sites and p-orbitals, in opposite to the observed for the SiO 2 and GeO 2 clathrates, where the LUMO was assigned to the 48l, 24k and 12f O sites. The heterogeneity of electron at different symmetry sites and the inversion of the s-orbitals and p-orbitals of conduction bands of carbon in the CO 2 clathrate may be a sign of the electronic instability of that clathrate at low pressures.
IV. CONCLUSIONS
Although, theoretically possible adding the CO 2 guestfree clathrate into CO 2 3-dimensional network solid phases, the proposed CO 2 guest-free clathrate phase was found in our calculations hardly to be synthesized due to the large energy difference with respect to other stable phases. However, for the guest-free clathrate GeO 2 , we found that its total energy is lower than that of α-quartz and rutile for slightly negative pressures, which could give us a clue for possible synthesis routes. We also found meta-GGA can fix the problem of GGA calculation to describe the stability of low-pressure SiO 2 polymorphs. In perspective, the mechanical properties bulk modulus CO 2 phase shows highest value than the analogous SiO 2 and GeO 2 phases, as response of the rigidity of the inter tetrahedron angle and shortest bond length. Temperature effect has arisen in SiO 2 clathrate, the softening of materials showed in the decreasing of bulk modulus with elevated temperature. In particular, our work has enriched the diversity of CO 2 , SiO 2 and GeO 2 polymorphism terms of their relative thermodynamic stability and mechanical properties.
